We have investigated by electron tomography, in a transmission electronic microscope, the interactions between dislocations in olivine single crystals and dislocations gliding in parallel planes and sessile dislocation loops. We suggest that collinear interaction, already identified as the primary source of strain hardening in FCC metals, is the main dislocation interaction mechanism in olivine deformed at temperatures below 1000 °C.
Introduction
Mantle convection, which drives plate tectonics, is needed to dissipate the internal heat of the Earth. This convection process within a solid mantle involves plastic deformations of rocks at a large scale. Olivine (Mg, Fe) 2 SiO 4 is the main constituent of Earth's upper mantle, which extends down to 410 km of depth. Understanding plasticity in olivine is thus essential for studying the rheology of the upper mantle.
Olivine has an orthorhombic symmetry with a  4.752 Å, b  10.193 Å and c  5.977 Å when described within the Pbnm space group [1] . Studies on plastic deformation of olivine and forsterite (the pure magnesium end-member) single and polycrystals were mostly conducted at high temperatures (T>1000°C; T>0.5T m ) [2] [3] [4] [5] [6] [7] [8] [9] and occasionally at lower temperatures [10] [11] [12] [13] [14] [15] [16] [17] . Most studies focused on the slip system characterizations and have shown the occurrence of: Until now, dislocation interactions have only been considered through numerical modelling [19] . As olivine has only two perpendicular slip directions (  100 and   001 ), the formation of junctions is not favourable and dislocation storage is not anticipated. This is consistent with common observations of olivine deformed at high temperature where only low-angle subgrain boundaries are observed. Nevertheless, recent experiments performed at low temperature have shown numerous dislocation entanglements [16, 20] .
In this study, the dislocation interactions in olivine are experimentally characterized by transmission electron microscopy (TEM) from samples previously used for the olivine rheology studies conducted by Demouchy et al. at low temperatures [17, 20] . Electron tomography is used in this work to investigate threedimensional dislocation microstructures in order to understand dislocation interaction mechanisms.
Experimental details

Sample and deformation experiment
Three specimens, all prepared from San Carlos olivine (Arizona, USA), were investigated:
-A polycrystal deformed at 900°C, at a strain rate of 1.110 slip systems (PoEM 9).
All samples were deformed in compression under a confining pressure of 300 MPa of argon using a high-pressure high-temperature gas apparatus [17, 20, 21, 22] at Geosciences Montpellier (University of Montpellier 2). The olivine polycrystal has been produced from an olivine fine-grained powder sintered at a high temperature precession angle to weaken thickness fringes [23] . Nineteen tilted series were acquired every 2° with an average tilt angle ranging from -54° to 50°. Most of them were acquired with WBDF conditions associated with precession (WBDF-P). The tilted series alignments were performed manually (a pixel precision could be achieved), as the contrasts of WBDF micrographs are too weak to allow automatic alignments. The contrast of the tilted series needed to be enhanced to optimize the quality of the reconstructed volume. Consequently, the micrographs have been filtered using a polynomial fit with the ImageJ software to improve contrast homogeneity of the background and of dislocations. Two reconstruction algorithms have been employed to generate the 3D images:
-The weighted back projection algorithm [24] used with the TomoJ plugin [25] accessible in ImageJ;
-The simultaneous iterative reconstruction technique algorithm [26] used with the Gatan ® 3D reconstruction software. dislocations. Similarly, using g: 2 22 and g: 062 , we verified that PoEM 9 is also exclusively composed of   001 dislocations. On the contrary, in PoEM 22, which is a polycrystal, both   100 and   001 dislocations are found with an approximate ratio 3:1 (see figure 8 in Demouchy et al. [20] ). we also note that the contrast of the yellow dislocation is significantly higher than the blue and the red ones ( figure 2(c) ). Since the contrast is linked to the g.b product (with b the Burgers vector) [27] [28] , we conclude that the Burgers vector of the yellow dislocation is   101 . As a result, the junction reaction is: are in contrast with g: 004 ), is displayed in figure 3 . We highlight three dislocations coloured in red, blue and green. The use of tomography enables us to find the glide planes of these dislocations by putting them edge on. The three long segments coloured in green glide in   0 1 1 (Figure 3(a) ). The blue dislocation glides in   140 (Figure 3c ). The dislocation coloured in red glides in   010 . Figure 3 shows that interaction with the blue dislocation leads to an annihilation of the green dislocation with a missing segment aligned parallel to   001 . Similarly, the red dislocation interacts with the green dislocation generating an annihilation segment also parallel to   001 . Other configurations suggesting dislocation annihilations by collinear interactions have been found. The WBDF-P micrographs presented in figure 4 are from PoEM 9.
Results
A total of nineteen
They show two half loops facing each other, observed with g: 2 22 , tilted at 40° (Figure 5(f) ). Hence, the singular point where they meet (i.e., highlighted in green on figure 5(d)) corresponds to the projection of a sessile segment connecting those two   100 planes ( Figure 5(f) ). This observation suggests that those two half loops correspond to an interaction process involving two   001 dislocations gliding on two parallel   100 planes.
Figure 4: Dislocation interaction observation in PoEM 9. (a) WBDF-P image, tilted at 40°, with g: 2 22 , where two half-loops are facing each other. Identical WBDF-P images but tilted at 4° (b) and identical WBDF-P images but -34° (c).
Discussion
Electron tomography, which can reach angular resolution of 2°, is a powerful technique to characterize glide planes [20, 23, [29] [30] [31] [32] [33] [34] [35] [36] [37] , cross-slip [23, 36] , climb planes and dislocation interactions. In a previous study, we established that in olivine,   001 dislocations could glide in   120 and   130 [23] . We show in figure 3 (c) that
 
001 dislocations can also glide in 140   .
We report here, to the best of our knowledge, the first unequivocal evidence of 101 junctions in olivine. Durinck et al. [19] have considered theoretically the possibility of dislocation junctions in olivine and shown that the formation of 101 junctions is very unlikely but not impossible. This is due to the fact that the   olivine. This interaction mechanism called collinear interaction was discovered eleven years ago [19, [38] [39] [40] [41] . Two dislocations with opposite signs and gliding in two different glide planes cross and interact. They create an annihilation junction, the direction of which is the intersection of the two glide planes. The annihilation junction creates two pinning points which impede dislocations and favor dislocation storage..
The collinear interaction has been shown to represent the primary source of strain hardening in FCC metals [38] [39] [40] . However, experimental evidences of collinear interactions are still rare [38, 42] . In this study, we have observed many occurrence of collinear interaction. One example is shown on figure 3 . In this particular case, a long   001 dislocation segment (in green) gliding in   
Conclusion and perspectives
To summarize, we present here the dislocation interaction mechanisms observed in olivine single crystals and polycrystals deformed at temperature below 1000 °C. Altogether, our observations suggest that the collinear interaction, already identified as the main source for hardening in FCC metals, is also the main dislocation interaction mechanism in olivine deformed at temperature below 1000 °C.
This mechanism was already proposed theoretically by Durinck et al. [19] . It is now verified experimentally.
